In the present study we investigated the interactive effects of insulin and carbohydrate on glycogen replenishment in different rat hindlimb muscles. Forty male Sprague Dawley rats were assigned to 5 groups, including 1) sedentary control with carbohydrate supplement (2 g glucose · kg body wt -1 ), 2) sedentary rats with 16 hours recovery, carbohydrate and insulin (0.5 U · kg body wt -1 ), 3) swimming without recovery, 4) swimming with 16 hours recovery and carbohydrate supplement, and 5) swimming with 16 hours recovery, carbohydrate and insulin. The swimming protocol consisted of two 3 h swimming sections, which were separated by a 45 min rest. The insulin and carbohydrate were administered to the rats immediately after exercise. At the end of the experiment, the soleus (S), plantaris (P), quadriceps (Q) and gastrocnemius (G) were surgically excised to evaluate glycogen utilization and replenishment. We observed that glycogen utilization was significantly lower in G and Q than S and P during swimming (p <0.05), and S showed the greatest capacity of glycogen resynthesis after post-exercise recovery (p <0.05). In the sedentary state, the glycogen synthesis did not differ among hindlimb muscles during insulin and carbohydrate treatments. Interestingly, with insulin and carbohydrate, the glycogen resynthesis in S and P were significantly greater than in Q and G following post-exercise recovery (p <0.05). We therefore concluded that the soleus and plantaris are the primary working muscles during swimming, and the greatest glycogen replenishment capacity of the soleus during post-exercise recovery is likely due to its highest insulin sensitivity.
INTRODUCTION
Skeletal muscle is the primary depot of glycogen storage in the body.
Additionally, skeletal muscle consists of diverse types of muscle fibres, which express varied contractile and metabolic properties (e.g. power output, glycogen store, etc.) [5, 6] . In this regard, the storage and replenishment of muscle glycogen is critical for exercise capacity.
Many previous investigations have thus focused on the impacts of exercise and insulin on glycogen metabolism in skeletal muscle [14, 15] . Because there are various fibre-type compositions in different muscles, exercise results in diverse responses of glycogen utilization and resynthesis among different muscles. Moreover, the duration and intensity of exercise also lead to varied glycogen utilization and post-exercise glycogen synthetic capacity among different working muscles.
Optimizing muscle glycogen resynthesis is essential for subsequent exercise performance. It is well known that exercise-induced glycogen depletion can be rapidly replenished by enhancing glucose
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for studies on exercise physiology and biochemistry in rodents, the understanding of muscle glycogen utilization and synthetic patterns in response to exercise among different muscle groups is practically important and is required for developing advanced sports nutrition strategies. Therefore, the purpose of the present study was to investigate the effect of insulin plus carbohydrate supplementation on glycogen replenishment among different hindlimb muscles in rats following prolonged swimming.
MATERIALS AND METHODS
Animal care: Forty male Sprague-Dawley rats (SD rats) at 7 weeks of age (weight: 200 g) purchased from the National Animal Laboratory of the NSC (National Science Council, Taipei, Taiwan, ROC) were housed in a cage of three and were provided food (rat chow, PMI Nutrition International, Brentwood Mo., USA) and water ad libitum. The temperature of our animal room was maintained at 23°C with a 12:12 h light-dark cycle. After arrival at our animal room, the rats were acclimated in our animal room for one week before the experiment. given either carbohydrate or carbohydrate supplementation with insulin and then recovered in their cages for 16 h. In the acute exercise group (E0), the rats were immediately anaesthetized following swimming exercise for muscle tissue harvesting. In the post-exercise recovery groups (i.e. E16 and IE16 groups), the rats were immediately given either carbohydrate or carbohydrate supplementation with insulin following swimming exercise and then recovered in their cages for 16 h. After completion of either exercise or recovery, the rats were then anaesthetized in preparation for muscle sampling. The experimental protocol is shown in Figure 1 .
Swimming exercise protocol and recovery
The swimming exercise in the present study was performed as previously described [4, 14] . In brief, after 12 h fasting, the swimming 
Carbohydrate supplementation and insulin administration
The carbohydrate supplement was administered by oral gavaging.
Rats from carbohydrate treatment groups (i.e. I, E16, and IE16) 16 The swimming exercise and insulin supplementation affect glycogen depletion and replenishment received 2 g · kg body wt of glucose All the data were analysed using a one-way analysis of variance (one-way ANOVA). Significant differences among means were determined using Tukey post hoc analysis. Statistical differences were considered significant at the level p<.05, and all values were expressed as means ± S.E.
RESULTS
The basal muscle glycogen concentrations among different hindlimb muscles are shown in Figure 2 . The basal glycogen content in gastrocnemius was significantly higher than in quadriceps, plantaris, To the best of our knowledge, there were no studies focusing on glycogen utilization among different hindlimb muscle groups during swimming exercise. Here we observed that soleus and plantaris muscles (S: 75% and P: 63% glycogen depletion) exhibited greater glycogen utilization during swimming exercise compared to quadriceps and gastrocnemius muscles (Q: 40% and G: 53% glycogen depletion) (Figure 3) , suggesting that deep layers of calf muscles are primarily working muscles responsible for continuous ankle plantar flexions and stroking movements rather than the superficial calf and thigh muscles.
Soleus predominately consists of type I fibres (84%), but plantaris predominately contains type II fibres (approximately 94%) [7, 18] .
The morphological and metabolic properties of soleus are completely distinct from plantaris, and this therefore raised a question why the swimming protocol in this study resulted in a similar rate of intramuscular glycogen depletion in these two muscles. The results can be explained by the findings of Yoshimura et al. [22] . They found that depletion of muscle glycogen occurs first in the slow (0-0.5 h), then the intermediate (2-4 h) , and, finally, the fast intrafusal fibres (4-8 h) during prolonged swimming [22] . Thus, in this study, the 6 h prolonged swimming exercise might fully recruit both slow and fast-twitch fibres, thereby leading to similar glycogen depletion in soleus and plantaris muscles.
Muscle glycogen resynthesis following prolonged exercise is strongly associated with the capacity of glucose uptake, which is directly correlated with intracellular contents of GLUT4 protein [12, 13] .
In this study, soleus showed the greatest muscle glycogen replenishment among hindlimb muscles following 16 h post-exercise reco- very (Figure 4) . Compared to other hindlimb muscle groups, soleus consists of a higher portion of type I fibre, which expresses greater GLUT4 protein and insulin sensitivity [20] . Therefore, the relatively greater glycogen resynthesis in soleus following prolonged swimming might be due to the higher intracellular concentration of GLUT4 protein in this muscle.
It has been noted that the muscular glycogen store is inversely associated with GLUT4 translocation and glucose transport activity [8, 11] . In this study, there was no significant difference in glycogen depletion between soleus and plantaris, but we observed that our prolonged swimming protocol induced the greatest glycogen depletion in soleus (Figure 3) . Thus, another possible explanation for greater glycogen replenishment in soleus was that more exercise-induced glycogen depletion might lead to higher glucose transport activity and greater glycogen resynthesis in soleus than in plantaris.
Insulin action varies among different muscles due to the differences in biochemical and metabolic properties [20] . Song et al. [20] used isolated muscle preparation to determine the muscle fibre type-specific response of intracellular signalling proteins to insulin. They reported that soleus muscle has the highest capacity of insulin-induced insulin receptor (IR) tyrosine phosphorylation and greater total protein expressions of phosphatidylinositol (PI)-3-kinase and protein kinase B (PKB/ Akt), suggesting that the diversity of expression and activity of insulin signalling proteins contribute to fibre type-specific differences in insulin action in skeletal muscle. Here we observed that insulin treatment plus carbohydrate supplementation leads to significantly increased glycogen levels in all hindlimb muscles ( Figure 5 ), but there were no differences in the increase in muscle glycogen among these muscles.
These dissimilarities to our results might be due to the different experimental approaches. In this study, insulin administration plus glucose supplementation was followed by 16 h recovery, while Song et al. [20] exposed the isolated muscles in the presence of maximal insulin for only 40 min. It therefore suggested that the fibre type-specific differences in insulin-induced muscle glycogen synthesis might have gradually diminished during the period of 16 h post-exercise recovery.
Compared with several previous studies [17, 19] , our results showed that the diverse levels of muscle glycogen replenishment after post-exercise recovery are possibly associated with the exercisespecific muscle recruitment patterns in the presence of insulin and carbohydrate supplementation. Moreover, intensity and duration are the primary regulatory factors in muscle fibre recruitment during exercise. Armstrong et al. [1] previously reported that low exercise intensities primarily rely on type I fibres for contractile activity and that a major use of type II fibres only occurs during high intensity exercise or when the glycogen of type I fibres is depleted during prolonged low-intensity exercise [1] . Although all hindlimb muscles showed significant increase in glycogen resynthesis after post-exercise recovery, the glycogen resynthesis was much greater in soleus and plantaris ( Figure 6 ). Together with previous and our present findings, we therefore speculated that swimming exercise primarily recruited soleus and plantaris, resulting in more glycogen depletion, thereby leading to greater insulin-stimulated glycogen replenishment in these two muscles. However, the fibre-type specific differences in glycogen synthesis between soleus and plantaris might disappear at the end of a 16 h post-exercise recovery period.
The activation of insulin signalling cascades is essential for muscle glycogen replenishment during the post-exercise recovery period.
Both glucose transport and glycogen synthase activity are considered the key regulatory factors for glycogen biosynthesis in skeletal muscle, and the two major factors are highly regulated by insulin and exercise [9, 14, 15] . Additionally, the insulin action in skeletal muscle is expressed in a fibre type-specific manner, in part due to the diversity of expression and activity of insulin signalling proteins [20] .
Here we found that, with insulin and carbohydrate supplementation, the post-exercise muscle glycogen replenishments were approximately 2-3-fold higher than swimming alone (Figures 4 and 6) . However, this insulin-induced improvement in glycogen resynthesis was much higher in soleus and plantaris than in the other hindlimb muscle groups. Taken together, our results indicated that soleus and plantaris were primarily recruited during swimming, which reflected the greater synergistic effects of exercise and insulin on enhancing glycogen replenishment in these two muscles.
CONCLUSIONS
In summary, we found that soleus and plantaris exhibit greater rates of muscle glycogen depletion as compared to quadriceps and gastrocnemius, indicating that these two muscles are the primary working muscles in prolonged swimming exercise. Without insulin and carbohydrate supplementation, soleus and plantaris show higher capacity of glycogen replenishment after post-exercise recovery compared to other hindlimb muscles. Moreover, in both sedentary and swimming groups, insulin significantly increases muscle glycogen resynthesis in all hindlimb muscles, but the insulin-stimulated glycogen replenishment after post-exercise recovery is greater in soleus and plantaris. Our results therefore suggest that for future investigations using the swimming exercise model for determining muscle glycogen metabolism, soleus can be selected to represent type I fibre and plantaris to represent type II fibre.
